The discovery of new glycoside hydrolases that can be utilized in the chemoenzymatic synthesis of carbohydrates has emerged as a promising approach for various biotechnological processes. In this study, recombinant Ps_Cel5A from Pseudomonas stutzeri A1501, a novel member of the GH5_5 subfamily, was expressed, purified and crystallized. Preliminary experiments confirmed the ability of Ps_Cel5A to catalyze transglycosylation with cellotriose as a substrate. The crystal structure revealed several structural determinants in and around the positive subsites, providing a molecular basis for a better understanding of the mechanisms that promote and favour synthesis rather than hydrolysis. In the positive subsites, two nonconserved positively charged residues (Arg178 and Lys216) were found to interact with cellobiose. This adaptation has also been reported for transglycosylating -mannanases of the GH5_7 subfamily.
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Introduction
Sugar subunits can be linked together in numerous ways, making the organic synthesis of carbohydrates very challenging. Compared with conventional chemical synthesis, the main advantage of enzymatic glycosynthesis is its natural stereoselectivity and regioselectivity (Bissaro et al., 2015) . In nature, glycosyltransferases perform the synthesis of most glycosidic bonds (Lairson et al., 2008; McArthur & Chen, 2016; Nidetzky et al., 2018) . However, their utilization in glycochemistry is limited as they are often difficult to produce and require nucleotide sugars as donor substrates (Bissaro et al., 2015) . Some glycoside hydrolases possess an inherent ability to transglycosylate via a retaining double-displacement mechanism. During transglycosylation, a carbohydrate hydroxyl group acts as an acceptor instead of water in hydrolysis (Sinnott, 1990) . Glycoside hydrolases endowed with transglycosylation activity are known as transglycosylases (Danby & Withers, 2016; Bissaro et al., 2015) . Some of them have already been used for glycosynthesis (Faijes & Planas, 2007; Wang & Huang, 2009; Bissaro et al., 2015; Danby & Withers, 2016; Abdul Manas et al., 2018) . They present the main advantages of being abundant and easily produced, and covering a wide range of specificities. However, their use in glycosynthesis is hampered by relatively low transglycosylation yields as well as their inherent ability to hydrolyze the # 2019 International Union of Crystallography product formed. The structural features favouring transglycosylation need to be studied and understood in order to engineer glycoside hydrolases for transglycosylation. Glycoside hydrolases (GHs) are classified into 161 families according to the Carbohydrate-Active Enzymes database (CAZy; http://www.cazy.org/; Lombard et al., 2014) . Transglycosylases are more closely related to hydrolytic enzymes from the same GH family than to transglycosylases from other families. This would indicate that subtle molecular adjustments rather than large modifications allow transglycosylation (Bissaro et al., 2015) . The donor/acceptor-binding sites, the orientation of the catalytic residues and the exclusion of water molecules from the catalytic site have all been described to be important for transglycosylation (Abdul Manas et al., 2018) . For instance, lowering the donor-binding affinity of the negative subsites favours transglycosylation in the GH1 -galactosidase from Sulfolobus solfataricus (Wu et al., 2013) , the GH1 -glucosidase from Thermus thermophilus (Feng et al., 2005; Teze et al., 2014) , the GH13 -amylase from Saccharomycopsis fibuligera (Matsui et al., 1994) and the GH18 chitinase from Aspergillus fumigatus (Lü et al., 2009 ). An increased flexibility in the À1 subsite has also been reported to increase the transglycosylation activity of the GH13 amylosucrase from Neisseria polysaccharea (Champion et al., 2012) . The transglycosylation activity is likewise improved by increasing the acceptor-binding affinity of the positive subsites, as highlighted for the GH5 -mannanase from Aspergillus nidulans (Dilokpimol et al., 2011) , the GH5 endo-glyceramidase from Rhodococcus sp. (Durand et al., 2016) and the GH57 4--glucanotransferase from Pyrococcus furiosus (Tang et al., 2006) . The ionization state of the catalytic residues has also been reported to influence transglycosylation in the GH51 -l-arabinofuranosidase from Thermobacillus xylanilyticus (Bissaro et al., 2014) and the GH1 -glucosidase from Thermotoga neapolitana (Lundemo et al., 2017) .
Despite all these studies, the structural differences between transglycosylases and purely hydrolytic enzymes remain poorly understood. The GH5 family is by far one of the largest of all of the glycoside hydrolase families and includes enzymes with various activities and specificities (Aspeborg et al., 2012) . Among its members, several examples of transglycosylation activity have been reported: the GH5_9 subfamily exo-1,3--glucanase from Candida albicans (Stubbs et al., 1999; Cutfield et al., 1999) , the GH5_2 subfamily endocellulase Cel5A from Thermobifida fusca (Dingee & Anton, 2010) , the GH5_10 subfamily -mannase from Mytilus edulis (Larsson et al., 2006) and several fungal -mannanases from the GH5_7 subfamily (Harjunpä ä et al., 1999; Sabini et al., 2000; Dilokpimol et al., 2011; Rosengren et al., 2012 Rosengren et al., , 2014 Couturier et al., 2013; Zhou et al., 2014) . Consequently, the GH5 family seems to be ideal for the comparison of purely hydrolytic enzymes and transglycosylases to find the molecular determinants of the transglycosylation ability. We previously identified RBcel1, an endo-1,4--glucanase from the GH5_5 subfamily, as being able to catalyze the polymerization of cello-oligosaccharides in vitro under near-physiological conditions (Berlemont et al., 2009) . The structure of RBcel1 revealed that its closest structural homologue is Cel5A from Thermoascus aurantiacus (Ta_Cel5A), a fungal enzyme for which no transglycosylation activity has been reported to our knowledge (Lo Leggio & Larsen, 2002; Delsaute et al., 2013) . A comparison of their aglycone-binding sites suggested that the aglycone affinity of RBcel1 may be significantly different from that of Ta_Cel5A: (i) the indole ring of the conserved residue Trp171 is flipped in RBcel1 and (ii) the Arg176 residue that brings a positive charge into the vicinity of the substrate has no equivalent in Ta_Cel5A. We proposed that such dissimilarities may account, at least in part, for the transglycosylation activity (Delsaute et al., 2013) . It is worth noting that the aglycone binding site of RBcel1 differs greatly from that of the GH5_9 exo-1,3--glucanase from C. albicans, which possesses an aromatic clamp with a high affinity towards sugar (Patrick et al., 2010) . In contrast, in fungal -mannanases an arginine residue has been reported in the positive subsites that plays a crucial role in transglycosylation through its charge (Dilokpimol et al., 2011; Rosengren et al., 2012 Rosengren et al., , 2014 Morrill et al., 2018) .
More endo-1,4--glucanases of the GH5_5 subfamily need to be characterized in order to confirm the importance of the abovementioned features or to identify new molecular determinants linked to transglycosylation. In this work, we focus on Ps_Cel5A, a putative endoglucanase from Pseudomonas stutzeri A1501, which has been described as the closest sequence homologue of RBcel1 (Berlemont et al., 2009) . The Pst_2494 gene encoding Ps_Cel5A was cloned and expressed in Escherichia coli, and the recombinant enzyme was purified to homogeneity. Biochemical characterization revealed the enzyme to be a moonlighting endoglucanase that is endowed with transglycosylation activity in vitro. The crystal structure of Ps_Cel5A was solved in the apo form and in complex with cellobiose. We propose several molecular determinants that could favour transglycosylation based on structural comparison with the structures of other GH5_5 members as well as with the structures of known transglycosylases of the GH5 family.
Materials and methods

Expression and purification of Ps_Cel5A
The gene sequence encoding Ps_Cel5A was optimized for expression in E. coli and was synthesized by GeneArt (Life Technologies, Ghent, Belgium). Ps_Cel5A, with its original signal peptide, was inserted into the pET-22b plasmid (Merck Millipore, Darmstadt, Germany) between the NdeI and XhoI sites ( Table 1 ). The expression vector was inserted by electroporation into the E. coli BL21(DE3) strain (Merck Millipore, Darmstadt, Germany). Heterologous protein expression was induced with 50 mM isopropyl -d-1-thiogalactopyranoside. After overnight incubation at 28 C, a periplasmic extract was prepared as described previously (Garsoux et al., 2004) and the protein was purified as follows. The periplasmic extract was loaded onto an ion-exchange column (Q HP Sepharose, 10 ml; GE Healthcare, Uppsala, Sweden) equilibrated in 20 mM Tris-HCl pH 8.5. The proteins were eluted research papers using a linear NaCl gradient (from 0 to 500 mM). The fractions containing the Ps_Cel5A enzyme, as revealed by SDS-PAGE, were pooled and loaded onto a hydroxyapatite chromatography column (5 ml; Bio-Rad, Hercules, California, USA). Ps_Cel5A was eluted in a linear sodium phosphate gradient (from 50 to 400 mM). The purified protein was then conditioned in 50 mM sodium phosphate pH 7.0. Protein concentrations were calculated from the absorbance at 280 nm using a theoretical extinction coefficient (Á" 280 = 74 955 M À1 cm À1 ; Stoscheck, 1990) . The purity of the enzyme was checked by densitometry analysis on 15% SDS-PAGE gels.
Enzyme-activity assays
The cellulase activity was assayed by measuring the quantity of reducing sugars released from carboxymethylcellulose (CMC) using the DNS method (Berlemont et al., 2009) . In this assay, CMC (at a concentration ranging from 1 to 30 mg ml À1 ) was incubated with Ps_Cel5A in 20 mM sodium phosphate buffer pH 6.5. The reaction volume was 400 ml. After quenching the reaction with 400 ml DNS reagent (0.5% dinitrosalicylic acid, 0.4 M NaOH, 30% sodium/potassium tartrate; Miller, 1959) , the samples were incubated at 100 C for 5 min and then briefly cooled on ice. The absorbance was measured at 535 nm. The concentration of the released reducing ends was quantified using glucose as a standard. Owing to the high viscosity of CMC substrate saturation was not achieved, and the deduced parameters are therefore apparent values. The app k cat , app K m and app k cat / app K m values were obtained from a nonlinear regression of the MichaelisMenten equation (Supplementary Fig. S1 ).
The hydrolytic activity was also measured with chromogenic substrates by measuring the release of 2-chloro-4-nitrophenol (ClPNP) from 2-chloro-4-nitrophenyl -cellobioside (ClPNP -G2), 2-chloro-4-nitrophenyl -cellotrioside (ClPNP -G3), 2-chloro-4-nitrophenyl -cellotetraoside (ClPNP -G4) and 2-chloro-4-nitrophenyl -cellopentaoside (ClPNP -G5) (Megazyme, Bray, Ireland). These substrate analogues simulate a range of polymerization (PR) of PR3 to PR6. The amount of ClPNP released directly represents the rate of substrate hydrolysis by Ps_Cel5A and was calculated from the increase in the absorbance at 400 nm over 2 min. The enzyme (10 mM) was incubated for 2 min at 37 C in 20 mM sodium phosphate buffer pH 6.5 with a substrate concentration of 0.3 mM.
The oligosaccharides produced by the hydrolysis and the transglycosylation of cellobiose (G2), cellotriose (G3), cellotetraose (G4) and cellopentaose (G5) were analysed by highperformance anion-exchange chromatography coupled with pulsed amperometric detection (HPAEC-PAD; ICS 3000, Dionex, Thermo Scientific, Waltham, Massachusetts, USA). Glucose (G1) and cello-oligosaccharides (G2-G6) were purchased from Sigma-Aldrich. The substrate was dissolved to a final concentration of 10 mM in 20 mM sodium phosphate buffer pH 6.5. 4 ml of 100 mM Ps_Cel5A was added to 36 ml of the substrate solution. The reaction was carried out at 37 C for 15 min for G5, 12 h for G4 and 24 h for G3 and G2. The reaction was then stopped by heating at 100 C for 5 min. The samples were diluted 90-fold in Milli-Q water prior to loading onto a CarboPac PA-100 analytical column (4 Â 250 mm, Thermo Scientific) linked to a CarboPac PA-100 guard column (4 Â 50 mm, Thermo Scientific). Elution was performed in 100 mM NaOH, and the sugars were separated by a linear sodium acetate gradient increasing from 0 to 180 mM. The cello-oligosaccharides cellobiose (G2) to cellohexaose (G6) and glucose (G1) were used as standards at concentrations ranging from 5 to 100 mM. Minor contaminations of the purchased oligosaccharides were observed but did not interfere with data interpretation.
Crystallization
Ps_Cel5A was crystallized using the hanging-drop vapourdiffusion method at 292 K in Qiagen EasyXtal Tool plates ( Table 2 ). The enzyme, which was stored at a concentration of 27 mM in 50 mM sodium phosphate pH 7.0, was mixed in a 1:1 ratio with 100 mM Tris, 22.5% PEG 600 pH 5.9 (well buffer). Ps_Cel5A was also co-crystallized with 0.1% cellobiose under the same conditions. Single crystals appeared after one day and grew to maximum dimensions within eight weeks.
Data collection and processing
For cryoprotection, crystals were soaked for 1 h in 100 mM Tris, 30% PEG 600 pH 5.9. Diffraction data were collected on the FIP-BM30A beamline (Ferrer, 2001; Roth et al., 2002) at ESRF, Grenoble, France using a Quantum 315r CCD detector (ADSC, USA) from a crystal in a cold nitrogen stream at $100 K (Oxford Cryosystems). 360 images were recorded at a wavelength of 0.9796 Å with an exposure time of 7 s and an oscillation range of 1 per image. Diffraction data were processed using the XDS progam package (Kabsch, 2010) . The data-collection and refinement statistics are presented in Table 3 .
Structure solution and refinement
The Ps_Cel5A crystal diffracted to 1.56 Å resolution. Structural analyses were performed using the PHENIX software package (Adams et al., 2010) . Analysis of the data set using phenix.xtriage indicated the presence of pseudo-merohedral twinning with twin operator (h, Àk, Àl) and a twin fraction close to 0.12. The multivariate Z-score from the L-test was 8.6%, while the expected score for untwinned data was <3.5% (Padilla & Yeates, 2003) . The average value of hI 2 (h)i/hI(h)i 2 was 1.833 for acentric reflections in the resolution range 10-1.74 Å ; the expected values are 2.0 and 1.5 for untwinned and perfectly twinned data, respectively (Yeates & Fam, 1999) . The space group and unit-cell parameters are described in Table 3 . The initial structure solution was determined by molecular replacement with the AutoMR Wizard using the coordinates of RBcel1 (PDB entry 4ee9; Delsaute et al., 2013) as the search model and yielded an unambiguous solution with four monomers in the asymmetric unit and a final loglikelihood gain (LLG) of 561. The model was built using phenix.autobuild and manual building in Coot (Emsley et al., 2010) . Multiple rounds of refinement were performed using phenix.refine with application of the appropriate twin law. The final model consisted of 1290 amino-acid residues, four Tris molecules and 1131 water molecules in the asymmetric unit. The stereochemical quality of the model was assessed using MolProbity . The crystal structure of Ps_Cel5A in complex with cellobiose was solved at 1.44 Å resolution by molecular replacement using the coordinates of the apo form of Ps_Cel5A (PDB entry 4lx4). Twinning was also observed with twin operator (h, Àk, Àl) and a twinning fraction of 0.127. The data were processed as described above. The structure-solution and refinement statistics of both structures are presented in Table 4 . Protein-ligand interactions were analysed using Arpeggio (Jubb et al., 2017) . Structures were illustrated using the PyMOL molecular-graphics system v.2.2 (Schrö dinger).
Results and discussion
Kinetic studies
As expected from its high sequence homology to other GH5_5 members, Ps_Cel5A was able to hydrolyze CMC, a substrate commonly used to study endoglucanase activity ( Supplementary Fig. S1 ). Furthermore, its kinetic parameters, an app k cat of 13.9 s À1 and an app K m of 11.8 mg ml
À1
, were very similar to those of RBcel1 (i.e. app k cat = 11.7 s À1 and app K m = 9.4 mg ml À1 ; Berlemont et al., 2009) . Chromogenic cellooligosaccharides have been helpful in studying the oligosaccharide-binding cleft of a glycoside hydrolase (Desmet et al., 2007) . Indeed, by increasing the substrate size it is possible to determine the number of negative subsites, as each subsite interacts specifically with a carbohydrate unit of the substrate. According to the established nomenclature , the negative and positive subsites accommodate the nonreducing and reducing ends, respectively, of the substrate, with cleavage taking place between the À1 and +1 subsites. Ps_Cel5A displays an exo-type glycoside activity against several 2-chloro-4-nitrophenyl--cello-oligosaccharide derivatives (Table 5 ). The highest activity was measured for ClPNP -G4, suggesting that the oligosaccharide-binding cleft is composed of at least four negative subsites. This configuration of active sites is similar to three characterized GH5_5 enzymes, A. niger Cel5A (An_Cel5A), RBcel1 and Ta_Cel5A, for which four negative subsites have been reported (Lo Leggio & Larsen, 2002; Delsaute et al., 2013; Yan et al., 2016) .
Finally, the transglycosylation ability of Ps_Cel5A was investigated on G2, G3, G4 and G5 using HPAEC-PAD. Its transglycosylase activity was confirmed as Ps_Cel5A produced G4 and G6 from G3 and G5, respectively (Table 6 , Supplementary Fig. S2 ). Under the conditions of the experiment, transglycosylation was observed alongside hydrolysis. However, it is still unclear how Ps_Cel5A transglycosylates and further investigations are required to understand the molecular mechanism.
3.2. Ps_Cel5A structure 3.2.1. Overall structure. As the asymmetric unit contains four monomers, the oligomeric state was studied by PDBe-PISA (Krissinel & Henrick, 2007) , which did not reveal any stable oligomeric assembly. Analysis with DeepView (Guex & Peitsch, 1997) indicated that the four monomers are highly similar, with a root-mean-square deviation (r.m.s.d.) between corresponding C atoms in the range 0.28-0.35 Å . However, the whole C-terminal extremity is only discernible in monomer B, suggesting flexibility of this segment. Consequently, the following analysis focused on monomer B. Ps_Cel5A is classified, along with RBcel1, into the GH5_5 subfamily, as reported by Aspeborg et al. (2012) . This subfamily gathers enzymes from bacteria and fungi, all of which are endowed with endo-1,4--glucanase activity (Aspeborg et al., 2012) . As expected from the high sequence identity between Ps_Cel5A and RBcel1, these two proteins have a similar fold, with an r.m.s.d. of about 1.0 Å for 291 matching C atoms. The overall structure of Ps_Cel5A (Fig. 1) showed the canonical (/) 8 -barrel of the GH5 family with some extra secondary-structure elements: a two-stranded antiparallel -sheet (a and b), two small -helices (a and b), one 3 10 -helix () located between the 6 strand and the 6 helix, and one left-handed -helix (L) between the 5 strand and the b helix ( Figs. 1 and 2 ). Left-handed -helices are rarely found in protein structures and are considered to be Overall structure of Ps_Cel5A. The (/) 8 -barrel (blue) consists of eight -strands (1-8) and seven -helices (1-8). The extra secondarystructure elements are a -sheet (purple) composed of two small antiparallel -strands (a and b), two -helices (a and b; green), a 3 10 -helix (; yellow) and a left-handed -helix (L; red). Table 5 Substrate specificity of Ps_Cel5A against chromogenic cello-oligosaccharides.
Enzymatic reactions were carried out for 2 min at 37 C in 20 mM sodium phosphate buffer pH 6.5 as described in Section 2.
Substrate
Specific activity (s À1 ) Â 10
À3
Relative activity (%)
0.92 AE 0.03 24.5 ClPNP -G4 3.78 AE 0.13 100 ClPNP -G5 2.18 AE 0.12 57.7 † No significant activity was detected.
Table 6
Relative activity of Ps_Cel5A on cello-oligosaccharides.
Values are expressed in mM (relative %). The activity of Ps_Cel5A on cellooligosaccharides was measured by incubating 10 mM substrate with 10 mM enzyme at 37 C. Four substrates were tested: cellobiose (G2), cellotriose (G3), cellotetraose (G4) and cellopentaose (G5). The incubation time varied as a function of the substrate: 24 h for G2 and G3, 12 h for G4 and 15 min for G5. Carbohydrates from glucose (G1) to cellohexaose (G6) were separated and quantified by HPAEC-PAD. The standard deviations are between 5 and 10%. structurally or functionally important (Novotny & Kleywegt, 2005) . In Ps_Cel5A, the L helix is a crucial structural feature as it brings Arg178 and Trp179 into the +1 and +2 subsites; both residues are involved in substrate binding, as described below. In the Ps_Cel5A structure the 5 helix of the (/) 8 -barrel is absent, which is not rare as either such an absence or a shorter 5 helix have been reported for several GH5 enzymes (Ducros et al., 1995; Sakon et al., 1996; Domínguez et al., 1996; Cutfield et al., 1999; Chapon et al., 2001 ). Ps_Cel5A has a single disulfide bond between Cys277 and Cys318, anchoring the C-terminal tail to the loop between the 7 helix and the 8 strand. This bridge, which is conserved in RBcel1, is located in a distal region of the active site and may contribute to overall stability (Bhardwaj et al., 2010) . There are four cispeptide bonds in the structure: between Ser19 and Gly20, Thr28 and Pro29, Trp283 and Ala284, and Gly322 and Pro323. The nonprolyl cis-peptide bond involving Trp283 occurs near the 8-strand end and is conserved among the GH5 family and some other members of the GH-A clan (Sakon et al., 1996; Domínguez et al., 1996; Juers et al., 1999; Lo Leggio & Larsen, 2002) . This cispeptide allows the invariant Trp283 to form the base of the À1 subsite and to interact with the substrate.
Structural homologues.
A structural similarity search was performed with the atomic coordinates of Ps_Cel5A using the DALI server (Holm & Laakso, 2016) . The server identified eight 'strong matches' (Z-score > 30), all of which belonged to the GH5_5 subfamily (Supplementary Table  S1 ). RBcel1 gave the highest score, followed by Xac0030 and Xac0029 from Xanthomonas axonopodis and Ta_Cel5A Sequence alignment of Ps_Cel5A with RBcel1, Xac0030, Xac0029, Ta_Cel5A, An_Cel5A, Tv_Cel5A, Hj_Cel5A and Gl_Cel5A. The alignment was performed with Clustal Omega (Chojnacki et al., 2017) and reformatted with ESPript 3.x (Robert & Gouet, 2014) . Strictly conserved and homologous residues are shown in red and yellow boxes, respectively. The secondary structure of Ps_Cel5A is depicted above the alignment using the coordinates from PDB entry 4lx4. The numbering of -helices and -strands follows the same order as in Fig. 1 . Abbreviations: Xac, Xanthomonas axonopodis; Ta, Thermoascus aurantiacus; An, Aspergillus niger; Tv, Talaromyces verruculosum; Hj, Hypocrea jecorina; Gl, Ganoderma lucidum. presented in Fig. 2 . Two other structural homologues outside the GH5_5 subfamily were identified by DALI (with a Z-score of 28.8): Fn_Cel5A from Fervidobacterium nodosum and Tm_Cel5A from Thermotoga maritima. Both enzymes belong to the GH5_25 subfamily and Tm_Cel5A displays multiple activities (Wu et al., 2011) . As stated previously (Delsaute et al., 2013) , the GH5_25 subfamily seems to be structurally related to the GH5_5 subfamily.
3.2.3. Active site. At the C-terminal end of the -barrel, loops connecting the -strands to the helices form a deep irregular active-site cleft running across the surface of the protein. Within this cleft, seven residues close to the catalytic reaction centre (Fig. 3a) are highly conserved in glycoside hydrolases of the GH5 family (Wang et al., 1993; Sakon et al., 1996) . Among them are two catalytic glutamates, Glu144 and Glu252 in Ps_Cel5A, the functions of which have been extensively studied. Glu144 and Glu252 are proposed to act as the proton donor and the nucleophile, respectively, as they are located at the C-terminal ends of the 4 strand and the 7 strand, respectively. The distance between the glutamates is about 5 Å , which is consistent with a retaining mechanism (McCarter & Withers, 1994; Vocadlo & Davies, 2008) . The five other conserved residues (i.e. Arg56, Asn143, His206, Tyr208 and Trp283 in Ps_Cel5A) are all positioned in the close vicinity of the catalytic glutamates at the bottom of the active site. Together, these residues form a hydrogen-bond network similar to those found in the related glycoside hydrolases, suggesting that these residues fulfil functionally equivalent roles. These roles are summarized in Supplementary Table S2  for Ps_Cel5A. A Tris molecule is found in the À1 subsite of Ps_Cel5A (Fig. 3a) . Tris is a known inhibitor of glycoside hydrolases, as it acts as a competitive inhibitor, with its amine mimicking the oxocarbenium ion-like transition state and its hydroxyls mimicking the sugar ring hydroxyls (Aghajari et al., 1998; Brzozowski et al., 2000) . In Ps_Cel5A, the positively charged N atom of Tris interacts with the catalytic nucleophile Glu252 and the proton donor Glu144, whereas its hydroxyl groups form hydrogen bonds to Glu144, Glu252, Asn143 and Tyr101 (Fig. 3a) . The presence of a Tris molecule in the active site of GH5 enzymes has been reported in RBcel1 (Delsaute et al., 2013) , the -mannanase from Trichoderma reesei (Sabini et al., 2000) and the xyloglucanase XEG5A (dos Santos et al., 2015) .
3.2.4. Negative subsites of the catalytic cleft. The high degree of structural similarity between Ps_Cel5A and the other GH5_5 members (Supplementary Table S1 ) allowed the residues involved in substrate binding to be inferred and therefore the negative subsites to be delineated. In the GH5_5 subfamily the negative subsites have been described for only three structures: Ta_Cel5A, RBcel1 and An_Cel5 (Lo Leggio & Larsen, 2002; Delsaute et al., 2013; Yan et al., 2016) . Therefore, the negative subsites of Ps_Cel5A were inferred by comparison with these three structural homologs (Fig. 3b) . Based on the definition of the À1 subsite made by Yan et al. (2016) for An_Cel5, the À1 subsite of Ps_Cel5A is formed by His99, Tyr101, Asn143, Glu144, Tyr208, Glu252 and Trp283. All of these residues, except Tyr101, are strictly conserved within subfamily GH5_5 (Figs. 2 and 3b ). Trp283 could also be involved in substrate binding at the À2 subsite. In the structure of An_Cel5A in complex with cellotetraose, a glutamate residue (Glu43) is found to interact with the substrate in the À2 subsite. This residue is conserved in RBcel1 and Ta_Cel5A but not in Ps_Cel5A, where Gly22 is found at the equivalent position. Upstream of the À2 subsite, the residues involved in substrate binding are less conserved and are more difficult to identify. The À3 subsite could consist of Phe23, which is conserved in RBcel1, Ta_Cel5A and An_Cel5A. Two other aromatic residues, Trp289 and Tyr292, could also play an important role in substrate binding as they interact with Trp283 and Phe23 via an aromatic cluster. The two former residues are also conserved in RBcel1 (Trp282 and Tyr285), Ta_Cel5A (Trp279 and Tyr282) and An_Cel5A (Trp306 and Tyr309). In An_Cel5A, the À4 subsite is delineated by the Trp305 side chain and the carbonyls of Thr54 and Asp55 (Yan et al., 2016) . Such a structural arrangement has also been reported in Ta_Cel5A (Lo Leggio & Larsen, 2002) . However, in the structures of Ps_Cel5A and RBcel1 a tryptophan is not observed at an equivalent position to Trp305 in An_Cel5A, where Gly288 and Ser281 are found, respectively. The absence of an aromatic ring in this position is compensated by the side chain of Phe37 in Ps_Cel5A and Phe28 in RBcel1 (Fig. 3b) . The observation of four negative subsites in the structure corroborates the enzymatic assays with chromogenic cellooligosaccharides.
3.2.5. Structure of Ps_Cel5A in complex with cellobiose.
Ps_Cel5A was co-crystallized with cellobiose in order to identify the binding subsites. The structure of the complex was determined at 1.44 Å resolution. Two cellobiose units are found in the aglycone-binding cleft of monomers A and D, enabling definition of the +1 and +2 subsites. It is worth noting the partial occupancy of cellobiose (0.7-0.9) and the presence of a Tris molecule in the À1 subsite. The Tris molecule seems to distort the cellobiose somehow, which occupies an unusual position in the +1 subsite compared with the structures of other GH5_5 members in complex with cellobiose (Supplementary Fig. S3 ). The +1 and +2 subsites consist of (i) the backbones of Asp212, Phe213 and Ser214, (ii) the backbones of Arg178 and Trp179, and (iii) the aromatic side chain of Trp179 on the other side (Fig. 4) . Both Arg178 and Trp179 are part of the unusual left-handed L helix mentioned above. In addition, the side chain of Arg178 interacts closely with the cellobiose, and more specifically with O2 (+1 subsite) and O6 0 (+2 subsite). The side chain of Lys216 also interacts with the O2 0 (+2 subsite) of cellobiose via a hydrogen bond. In the more distal part of the positive subsites of Ps_Cel5A, Phe213 is located in a nonconserved region in a similar way to Trp174 and Trp201 in Ta_Cel5A and An_Cel5A, respectively, delineating the hydrophobic platform of the +3 subsite (Lo Leggio & Larsen, 2002; Yan et al., 2016) . Because of the short distance (3.8 Å ) between His184 and Phe213 (Fig. 3) , His184 could hinder the Phe213-sugar ring interaction. Thus, the substrate-binding cleft of Ps_Cel5A is composed of four negative and at least two positive subsites and can consequently accommodate at least six d-glucosyl moieties.
3.2.6. Structural divergences in binding subsites possibly linked to transglycosylation. All GH5 subfamilies share a conserved overall structure Aspeborg et al., 2012; Lombard et al., 2014) . Many GH5 enzymes are reported to be purely hydrolytic enzymes, while some are described to be transglycosylases. Structural differences should exist to account for such differences in their enzymatic profiles. It is well known that the binding affinity of the negative and positive subsites influences transglycosylation, as reported in various examples from GH1, GH5, GH13, GH18 and GH57 (Matsui et al., 1994; Feng et Ps_Cel5A show significant transglycosylase activity, it is worth comparing their active sites with those of purely hydrolytic enzymes from the same subfamily. To date, cellulolytic activity has only been characterized for Ta_Cel5A, Hj_Cel5A, An_Cel5A and Gl_Cel5A (Lo Leggio & Larsen, 2002; Lee et al., 2011; Yan et al., 2016; Liu et al., 2016) . Any structural feature shared by RBcel1 and Ps_Cel5A that deviates from the catalytic sites of these four hydrolytic enzymes may be of significance for the transglycosylation activity.
In the GH5_5 subfamily, a significant discrepancy is observed in the negative subsites of Hj_Cel5A from Hypocrea jecorina (Lee et al., 2011) and Gl_Cel5A from Ganoderma lucidum . Both enzymes are described to be purely hydrolytic cellulases and they have an insert between the 1 strand and the 1 helix. The insert, which is close to the N-terminus of the 1 helix, seems to be too distant to interact with any substrate, but it bears two aromatic residues that interact with a tyrosine of the À4 subsite (equivalent to Phe37 in Ps_Cel5A) via an aromatic cluster ( Supplementary Fig. S4 ). This suggests that the negative subsites of Hj_Cel5A and Gl_Cel5A have a higher substrate affinity than those of the other GH5_5 enzymes. Indeed, such a negative-subsite adaptation is not observed in the RBcel1, Ta_Cel5 and An_Cel5 structures. The high affinity of the negative subsites has been reported to hinder transglycosylation by the GH18 chitinase of A. fumigatus (Lü et al., 2009) .
Differences in the positive subsites of GH5_5 members could be more directly related to the transglycosylation ability. We previously proposed that an arginine residue in RBcel1 (Arg176) might enhance transglycosylation by introducing a positive charge into the +2 subsite (Delsaute et al., 2013) . However, sequence alignments showed that Arg176 has no equivalent in Ps_Cel5A or in any other GH5_5 members of known structure (Fig. 2) . In Ps_Cel5A, His184 is found in a position equivalent to Arg176. The shorter side chain of His184 seems to be too distant from the binding pocket to interact directly with any substrate (Figs. 3 and 5 ). Yet, Arg178 (corresponding to Ser170 in RBcel1) could fulfil the role of Arg176 in RBcel1 as its guanidinium group is suitably placed in the +1 and +2 subsites (Figs. 4 and 5 ). As mentioned above regarding the structure of Ps_Cel5A in complex with cellobiose, the side chain of Arg178 interacts closely with the cellobiose. The side chain of Lys216 brings an additional positive charge into the +2 subsite of Ps_Cel5A, increasing the interaction with the acceptor. In the other GH5_5 structural homologues neither an arginine residue nor a lysine residue is found in the positive subsites (Fig. 5) .
These observations are indicative of convergent evolution that drives a positive charge into the close proximity of the +1 and +2 subsites (Supplementary Fig. S5 ). Indeed, the presence of an arginine side chain in the +2 subsite of several fungal GH5_7 -mannases has been reported to be involved in transglycosylation (Dilokpimol et al., 2011; Rosengren et al., 2012 Rosengren et al., , 2014 Zhou et al., 2014; Morrill et al., 2018) . Mutation of this arginine in T. reesei Man5A impairs transglycosylation and modifies the donor specificity (Rosengren et al., 2012; Morrill et al., 2018) .
A second difference was observed in the positive subsites of RBcel1 and Ps_Cel5A. In the other seven structures of GH5_5 enzymes the loop between the 6 strand and the 6 helix is connected to the 7 helix through a disulfide bridge. This loop shapes one side of the +1 and +2 subsites as shown for Ps_Cel5A (backbones of Asp212, Phe213 and Ser214). Based on this observation, we can speculate that changes in the flexibility and positioning of this loop may affect the aglyconebinding affinity.
Conclusions
In this work, we have reported the crystal structure of the novel endoglucanase Ps_Cel5A from P. stutzeri. Ps_Cel5A possesses an inherent ability to transglycosylate, like its closest homologue RBcel1. Their structures are very similar to other GH5_5 enzymes described as pure hydrolases. Yet, we have described two structural features in the positive subsites that probably affect the acceptor affinity and hence the transglycosylation activity. The structure of Ps_Cel5A in complex with cellobiose shows that Arg178 and Lys216 located in the positive sites interact with cellobiose. A similar adaptation has been reported in the GH5_7 subfamily. Ps_Cel5A and RBcel1 are also the only two GH5_5 subfamily members in which the positive subsites are not stabilized by a disulfide bridge. Thus, the increased binding affinity and flexibility of the +1 and +2 subsites are expected to improve sugar recognition and subsequently favour transglycosylation. Undoubtedly, further investigations are required into how these structural features in the positive subsites intervene during transglycosylation. Based on the current knowledge of MH-A clan transglycosylases, it may be worth studying the importance of negative-site binding affinity. Indeed, high affinity is often encountered in purely hydrolytic enzymes. Another factor influencing transglycosylation could be the second-shell residues interacting with the catalytic glutamates. The ionizationstate modulation of both glutamates could drive the balance between hydrolysis and transglycosylation. Gaining structural knowledge on GH enzymes will undoubtedly help to rationalize enzyme engineering for enzyme-assisted glycosynthesis.
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